HAMP domains are signal transduction domains typically located between the membrane anchor and cytoplasmic signaling domain of the proteins in which they occur. The prototypical structure consists of two helical amphipathic sequences (AS-1 and AS-2) connected by a region of undetermined structure. The Escherichia coli aerotaxis receptor, Aer, has a HAMP domain and a PAS domain with a flavin adenine dinucleotide (FAD) cofactor that senses the intracellular energy level. Previous studies reported mutations in the HAMP domain that abolished FAD binding to the PAS domain. In this study, using random and site-directed mutagenesis, we identified the distal helix, AS-2, as the component of the HAMP domain that stabilizes FAD binding. AS-2 in Aer is not amphipathic and is predicted to be buried. Mutations in the sequence coding for the contiguous proximal signaling domain altered signaling by Aer but did not affect FAD binding. The V264M residue replacement in this region resulted in an inverted response in which E. coli cells expressing the mutant Aer protein were repelled by oxygen. Bioinformatics analysis of aligned HAMP domains indicated that the proximal signaling domain is conserved in other HAMP domains that are not involved in chemotaxis or aerotaxis. Only one null mutation was found in the coding sequence for the HAMP AS-1 and connector regions, suggesting that these are not active signal transduction sites. We consider a model in which the signal from FAD is transmitted across a PAS-HAMP interface to AS-2 or the proximal signaling domain.
In Escherichia coli, the periplasmic sensor domain of chemoreceptors is connected by a transmembrane helix and a linker to the cytoplasmic output domain (17) . The latter is a 190-to 260-Å-long hairpin structure in the serine chemoreceptor, Tsr, with two antiparallel helices (25, 56) . This signal output domain is highly conserved in chemotaxis receptors and in the aerotaxis receptor Aer (9, 40, 42) . Signaling is effected through regulation of the CheA histidine kinase by the output domain (11, 26) . Binding of aspartate to the sensing domain of the aspartate chemoreceptor Tar results in a 1-to 2-Å inward movement of the transmembrane helix (13, 17, 36) . Signal transduction has been proposed to be a piston-like movement of the transmembrane and linker segments, conveying a conformational change to the output domain (13, 36) .
The linker regions were recently proposed to be conserved signal transduction domains in histidine kinases, adenylyl cyclases, methyl-accepting chemotaxis proteins (MCPs), and phosphatases and were renamed HAMP domains (5, 12, 29, 58) . There is limited sequence identity, but all HAMP domains are predicted to consist of two helical amphipathic sequences (AS-1 and AS-2) connected by a sequence of undefined secondary structure (3, 4, 12, 30) . The proposed structure of the HAMP domain is supported by biochemical analysis of the Tar HAMP domain from Salmonella enterica serovar Typhimurium (12) .
Genetic analysis supports a signal transduction role for the HAMP domain. Mutations in HAMP domains of the serine chemoreceptor Tsr, the nitrate sensor NarX, and the osmosensor EnvZ bias the signal transmitted by the sensor protein (2, 3, 14, 24, 38) . Cysteine substitutions in the Tar AS-1 and AS-2 helices that perturb receptor function are strongly segregated to the buried helical faces, indicating that the packing face of each ␣-helix is critical for normal receptor activity (12) . Furthermore, seven residues in the connector are also essential for the proper folding, stability, and function of Tar (12) . Hybrid sensors have been constructed in which the sensor module and HAMP domain of a receptor transmit a signal to the output module of another protein (3, 7, 8, 18, 27, 41, 51, 53, 55) . The signal transduced by the hybrid protein is determined by the sensor module to which the HAMP domain is fused (3, 7, 51, 55) . Sensor proteins with hybrid HAMP domains that combine HAMP elements from different proteins are not functional, probably due to the sequence diversity in different HAMP domains (3) .
The E. coli aerotaxis transducer, Aer, represents a unique type of chemoreceptor in which the N-terminal PAS sensory domain and an F1 segment that links the PAS domain to a membrane anchor sequence are located in the cytoplasm (8, 9, 40, 41) . A postmembrane linker sequence connects the membrane anchor to the C-terminal signal output domain. The PAS domain binds a flavin adenine dinucleotide (FAD) cofactor that is believed to reflect the redox status of the electron transport system (47, 48) . It is proposed that the Aer PAS sensory domain generates signals to regulate the activity of the output domain upon changes in the redox potential of FAD. In the present study, we confirmed that the linker in the Aer protein is a member of the HAMP domain family, and, using genetic analysis, we investigated structure-function relation-ships of the Aer HAMP domain in aerotaxis signaling by identification of the amino acid residues that are essential for aerotactic signaling.
MATERIALS AND METHODS
Strains and construction of plasmids. E. coli cells were grown at 30°C in Luria-Bertani (LB) medium (16) supplemented with thiamine (0.5 g ml Ϫ1 ) and ampicillin (100 g ml Ϫ1 ). Plasmids containing aer mutations were expressed in E. coli strains BT3312 (⌬aer ⌬tsr) (41) and UU1117 (⌬aer) (9), derivatives of RP437 (wild type for chemotaxis) (39) . BT3339 [⌬(tsr)7021 ⌬(tar-tap)5201 trg::Tn10] was constructed by inactivating the aer gene in HCB339 (59), using the pKO3aer-2::kan vector as described previously (40) . BT3340 [⌬(tsr)7021 ⌬(tartap)5201 trg::Tn10 aer-2::kan recA::cat] was constructed by inactivating the recA gene in BT3339, using P1 transduction of recA::cat from BW10724 (34, 35, 52) , and confirmed by UV sensitivity assays.
The pGH1 plasmid (40) expresses a wild-type aer gene inserted into the pTrc99A expression vector (Amersham-Pharmacia), whereas pAVR2 (41) expresses the aer gene with a translational fusion of an N-terminal six-histidine (His 6 ) tag in the pProEX HTa expression vector (Life Technologies). Protein expression is controlled by the Ptrc promoter and the lacI q repressor gene in both plasmids.
The pQH16 plasmid containing an aer gene with a deletion of the HAMP domain coding region (codons 206 to 279) was derived from pGH1 by inverse PCR using Pfu Turbo DNA polymerase (Stratagene). The sense primer (5Ј-GC GGAGCTCAACGCCCATACCCAGCAGACAGTT-3Ј) and the antisense primer (5Ј-GTCTTCGAAACAGGCGCTTGC-3Ј) included restriction sites SacI and BstBI (underlined), respectively, which introduced silent mutations to facilitate cloning.
Construction of single-residue substitutions in the Aer HAMP domain. Singleresidue substitutions of the selected codons in the Aer HAMP domain were constructed by oligonucleotide-directed mutagenesis of pAVR2, using the QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions. The mutated plasmids were isolated from E. coli XL1Blue cells, and the single-amino-acid replacements were verified by automated DNA sequencing. PCR random mutagenesis (23) was also used to generate single missense mutations in the coding sequence for the Aer HAMP and proximal signaling domains (residues 206 to 279). A 230-bp DNA fragment encoding the Aer fragment comprising amino acids 204 to 281 (Aer 204-281 ) was amplified with Taq DNA polymerase (Roche Molecular Biochemicals) in the presence of 0.05 mM MnCl 2 , using sense primer 5Ј-GGTTTCGAATGGCAGATTGTG-3Ј and antisense primer 5Ј-GCTGAGCTCATCGGTGCCTTTCGCCAGCGT-3Ј. The PCR product was digested, cloned into the BstBI-SacI sites of pQH16 (pTrc99A ⌬aer 206-279 ), and transformed into BT3312 cells, resulting in a library of E. coli cells expressing mutant Aer proteins with single-amino-acid replacements.
Phenotype screening of aer mutants. Single colonies of BT3312 transformants were transferred from the LB agar plates to 0.28% semisolid agar plates containing succinate (30 mM) and ampicillin (100 g ml Ϫ1 ) for phenotype screening (9) . Cells with aberrant phenotypes were grown in LB medium supplemented with ampicillin to an optical density at 600 nm of 0.40, and 5 l of each culture was inoculated onto a fresh succinate semisolid agar plate to verify the phenotype. Succinate plates supplemented with various concentrations of isopropyl-␤-D-thiogalactopyranoside (IPTG) were used to distinguish the abnormal phenotypes caused by altered expression levels. Western blot analysis with the anti-His 6 -Aer 2-166 antisera (41) was used to screen for mutants with a null phenotype that expressed a full-length Aer mutant protein. The mutation in each plasmid was identified by sequencing the entire aer coding region.
Behavioral studies. An aerotaxis capillary assay was performed as described by Zhulin et al. (60) . Briefly, cells grown to an optical density at 600 nm of 0.40 to 0.45 were loaded into an open-ended, flat capillary tube. The formation of the aerotactic bands was observed under a dark-field microscope and videotaped. The distance from the center of the aerotactic band to the meniscus was measured on the monitor 30 min after the cells were loaded into the capillary. Values in millimeters include a 71-fold magnification. The aerotactic temporal assay was used to quantify responses to increased (0 to 21%) and decreased (21 to 0%) oxygen concentrations (40) . Each mutant strain was analyzed on two different days, each with three replicate assays. Succinate swarm plates (9) were used to screen phenotypes as mentioned above.
Determination of FAD binding. The increase in membrane-bound FAD when Aer was overexpressed was used as a reporter for Aer FAD binding. Our modification of the original method of Bibikov et al. (8) was reported previously (41) .
Analysis of secondary structure. Putative secondary structures of the HAMP domains were analyzed with the Jpred 2 (15) and PSIPRED (22) programs and the protein sequence analysis (PSA) server (43, 44, 57) . Sequence amphipathicity was determined with the Kyte-Doolittle hydropathicity plot (28) .
RESULTS
Prediction of the secondary structure of the Aer HAMP domain. The Aer linker region is a member of the HAMP domain family (Pfam accession number PF00672; see http: //pfam.wustl.edu/cgi-bin/getdesc?nameϭHAMP) (6). This classification was confirmed by a PSI-BLAST search (1) done with Aer residues 205 to 265, which include the sequence between the membrane anchor and the proximal signaling domain (30) , used as the query sequence. Since there is no three-dimensional structure available for any of the HAMP domains, we analyzed their putative secondary structures ( The consensus sequence, determined with the program Consensus (http://www.bork.embl-heidelberg.de/Alignment/consensus.html), is indicated beneath the alignment and represented as follows: uppercase, conserved residues; lowercase, similar residues; s, small (ACDGNPSTV); h, hydrophobic (ACFGILMPTVWY); l, aliphatic (ILV); p, polar (CDEHKNQRST). Conserved residues are indicated as follows: dark gray shading, small residues; light gray shading, hydrophobic residues; white font on a black background, polar residues. Residues known to produce a null phenotype when mutated are shown in bold. Secondary structures of the Aer HAMP domain predicted by Jpred 2 and PSIPRED analyses are shown above the aligned sequences. H, ␣-helix; C, coil; E, ␤-strand. Locations of AS-1, the connector, AS-2, and proximal signaling domains of Tar in S. enterica serovar Typhimurium are indicated. The residues in Aer that were selected for cysteine substitution are indicated with an asterisk or a filled circle, depending on whether the residue was conserved or nonconserved, respectively. The essential Arg235 residue of Aer is in bold. Ecol, E. coli; Stmu, S. enterica serovar Typhimurium.
domains ( Fig. 1) . Figure 2A represents the individual probabilities that each residue is incorporated into a ␤-strand, an ␣-helix, or a loop. The buried helix that terminates at residue 206 is the membrane anchor. The probability of a short loop (approximately residues 183 to 187) in the center of the anchor is compatible with an anchor that consists of two antiparallel transmembrane helices separated by a short periplasmic loop. However, there is no experimental evidence that addresses this prediction. Distal to the anchor is the HAMP domain with (i) an amphipathic helix (AS-1) that has a high probability that one face of the helix is buried, (ii) a connector of undetermined structure having lower probabilities of a ␤-strand or an ␣-helix, and (iii) a distal helix that aligns with the amphipathic sequence (AS-2) in the Tar HAMP domain but that is predicted to be buried in Aer (Fig. 1 ) (see also reference 12). When the HAMP domain of Aer was mapped manually on helical wheels (Fig. 2B ) and the amphipathicity of the sequence was analyzed, the Aer distal helix had hydrophobic residues on the face corresponding to the hydrophilic face of AS-2 in Tar. This phenomenon is consistent with a buried helix. Three putative helix-breaking residues (glycine) were also found in this region (Fig. 2B) , suggesting structural flexibility. The proximal segment of the signaling domain (residues 254 to 271) was predicted to be an amphipathic helix by use of Jpred 2 and PSIPRED ( Fig. 1 ) but had an undefined structure in the PSA analysis ( Fig. 2A) .
Algorithms may differ slightly in the predicted starts and finishes of the secondary structure elements (32, 33) . For this study, the boundaries for the Aer HAMP domain proximal and distal helices are defined to align with the boundaries published for the secondary structure of the HAMP domain in the Tar chemoreceptor (12) , with residues 207 to 220 comprising AS-1, residues 235 to 253 comprising AS-2, and residues 221 to 234 comprising the connector.
Selection of HAMP domain residues for cysteine replacement mutagenesis. The HAMP domains of the chemoreceptors from E. coli and S. enterica serovar Typhimurium have many similar amino acid residues in the HAMP sequence ( Fig.  1) , implying a common function in chemotactic signal transduction. However, there are notable differences in the sequence of the HAMP domain of Aer (Fig. 1) (43, 44, 57) . Rows designate the secondary-structure state; columns indicate each residue position. The probability of each structural state is depicted with contour lines with probability increments of 0.1. (B) Putative helical segments of the Aer HAMP domain revealed by mapping the residues on helical wheels. The hydrophobic residues are shown in bold, and the hydrophilic residues are in italics within the helical wheels.
VOL. 187, 2005 ROLE OF HAMP AS-2 DOMAIN IN FAD BINDING BY Aer 195
tuted cysteine for residues at four positions in the Aer HAMP domain that are not conserved in other HAMP domains ( Fig.  1 and Table 1 ). Additionally, Aer residues that aligned with the functionally important residues from 21 HAMP domains (2, 3, 12, 14, 20, 21, 23, 24, 37, 50; see reference 30 for this sequence alignment) were also chosen for site-directed mutagenesis ( Fig. 1 and Table 1 ). Phenotypes of the cysteine replacement mutants. The R235C substitution in the HAMP domain inhibited FAD binding to the Aer protein (Fig. 3) , and cells expressing the His 6 -tagged Aer protein with the R235C mutation (His 6 -AerR235C) had a null aerotaxis phenotype ( Table 1) . Replacement of arginine by the positively charged lysine in His 6 -AerR235K retained half of the aerotaxis activity of His 6 -Aer (wild type for aerotaxis). However, negatively charged glutamic acid in His 6 -AerR235E abolished aerotaxis activity (Table 1) and FAD binding (Fig. 3) even when overexpressed at high levels by induction with 1 mM IPTG. Under such conditions, the intracellular concentrations of His 6 -AerR235C and His 6 -AerR235E were similar to that of His 6 -Aer (carried by pAVR2) induced by 1 mM IPTG (Fig. 3) .
The E226C, D237C, and G250C mutations in Aer decreased the duration of aerotaxis responses to changes in oxygen concentration in a temporal aerotaxis assay (Table 1) . Other cysteine substitutions in the HAMP domain did not affect the Aer phenotype on succinate semisoft agar or in temporal aerotaxis assays.
Phenotypes of the randomly generated HAMP domain mutants. A library of DNA fragments containing single-codon substitutions in the sequence corresponding to the Aer 206-279 region was generated and fused to the remainder of the aer gene. Over 1,000 E. coli BT3312 transformants were screened for phenotype on succinate semisolid agar plates (9, 40) . Nearly 15% of the tested colonies exhibited a null aerotaxis phenotype by forming a cylinder-shaped swarm without an aerotactic ring (Fig. 4) , resembling the phenotype of BT3312 cells (⌬aer ⌬tsr). The null phenotypes of the V230D, L239Q, L239R, L241P, Q248R, L249P, D259H, V260A, S262G, V264M, S265P, and S271R mutants were confirmed by aerotaxis temporal assays. The mutant strains did not restore aerotactic rings on succinate semisolid agar plates supplemented with IPTG at various concentrations (data not shown). Two mutant proteins (AerG225E and AerE238G) with a nonaerotactic phenotype restored an aerotactic ring when the proteins were overexpressed by induction with 50 M to 1 mM IPTG (data not shown), suggesting that the null phenotype exhibited by these two mutants may be due to low levels of protein expression.
Of particular interest, the swarm size of the AerV264M mutant was slightly smaller than those of the other nonaerotactic mutants (Fig. 4 ). An aerotaxis temporal assay revealed that cells from the BT3312 strain with AerV264M (BT3312/ AerV264M) had a strong inverse response to an increase or decrease in oxygen concentration; i.e., cells swam smoothly when they became anoxic but tumbled when 21% oxygen was reintroduced (Table 2) .
A novel aerotaxis phenotype was also observed. Eighteen
Aer mutants formed larger-than-normal swarm sizes with sharp aerotactic rings on succinate semisolid agar plates (Fig.  4 and Table 2 ). The lower surfaces of the mutant colonies spread much faster than those of the wild-type control colonies, forming a truncated cone shape with a more gradual slope. We designated these mutants "superswarmers." Plasmids containing Aer HAMP mutations expressing a null phenotype were transformed into the recA strain BT3340, and transformants were screened for spontaneous aerotactic pseudorevertants. Only one pseudorevertant was isolated; the T285I mutation suppressed the V260A mutation. We concluded that selective mutagenesis would be required for pseudoreversion analysis of Aer HAMP mutations that could address domain interactions in Aer. The results of such a study, published recently, supported the idea of interactions between the PAS and HAMP domains (54) . One of these mutations, N34D, is specific for the HAMP C253R mutant, supporting the notion that these domains are in close proximity.
FAD binding and expression of the HAMP domain nullphenotype mutants. The FAD levels in each Aer mutant with a null phenotype were analyzed under induced and uninduced conditions as described previously (8, 41) . Six mutant proteins did not bind FAD (Fig. 3) . Conversely, the D259H, V260A, S262G, and S265P mutant Aer proteins bound FAD, suggesting that they perturbed aerotaxis by means other than interference with FAD binding.
Aer HAMP mutants that did not bind FAD showed low expression in the absence of IPTG. This finding raised the question of whether their null phenotype might be a result of defects in protein expression. However, this possibility was ruled out, as they could not restore aerotactic signaling or FAD binding when they were induced to express Aer over a range of concentrations that exceeded eightfold that of Aer expressed from the chromosome. We also confirmed that the decreased Aer protein level was caused by single-residue sub- stitutions in Aer HAMP rather than any accidental mutations introduced elsewhere in the plasmids by recloning the mutated HAMP DNA fragments and by reverting the substitutions to the wild-type codon sequences by using site-directed mutagenesis. RT-PCR revealed that transcription of all the mutant aer genes was normal (data not shown). These data collectively suggested that the V230D, R235C, R235E, L241P, Q248R, and L249P substitutions in Aer changed the protein conformation to a state that was unfavorable for FAD binding and thus interfered with aerotaxis signaling, whereas the L239Q and L239R substitutions caused a null phenotype, possibly by altering the stability of the protein structure. Phenotypes and protein expression of the superswarmers. Growth curves for the superswarmer strains were similar to those expressing wild-type Aer, suggesting that the large swarm size was not caused by increased growth rate. All the superswarming strains showed normal tumbling frequencies, but a majority had responses to an increase or decrease in oxygen concentration in temporal assays that were significantly reduced in duration ( Table 2 ). In a capillary assay, most superswarmers formed bands closer to the meniscus than did the wild-type control ( Table 2 ), implying that they migrated to a higher oxygen concentration than wild-type cells. Cells expressing the AerA223V and AerQ248L proteins formed sharp bands within 3 min, in contrast to an average of 10 min required by the BT3312/pGH1 cells (wild-type Aer). The AerV230A and D237E mutant strains formed aerotactic bands far away from the meniscus and showed slightly decreased levels of the proteins expressed (Table 2 ). When the expression was induced with IPTG, these mutant cells formed bands closer to the meniscus and exhibited a wild-type swarming pattern on succinate semisolid agar plates (data not shown). This behavior mirrored that of cells expressing wild-type protein, which migrated closer to the meniscus as the level of Aer expression increased (data not shown), a finding that suggests that the superswarming phenotype of these mutant strains could result from lowered levels of protein expression.
DISCUSSION
Genetic analysis of the Aer HAMP and proximal signaling domains. Previous studies identified mutations in the F1 and HAMP domains that abolished FAD binding to Aer (8, 41, 54) . The present, more extensive mutational analysis of the HAMP domain reveals that all mutations that abolished FAD binding are localized in the sequence coding for the AS-2 helix, except for V230D in the connector (Fig. 5A) . In addition, this study identified mutations clustered in the coding sequence for the proximal signaling domain that impaired signaling and aerotaxis but that did not alter FAD binding (Fig. 3 and 5A) . The phenotype resulting from these mutations clearly indicates a signal transduction role for this domain. Of particular interest is the AerV264M mutant, which has an inverse aerotaxis response (Table 2) in which E. coli migrates away from oxygen as though it were a repellent. The V264 residue is located on the putative hydrophobic face of the signaling domain (Fig. 5B) . Possible mechanisms for inverse responses have been discussed previously (3, 23, 46) .
Mutations causing superswarming (Fig. 4) were distributed throughout the HAMP and proximal signaling domains (Fig.  5A ). Aer proteins with these mutations exhibited shorter temporal responses to a rise or fall in oxygen concentration and aberrant "aerophilic" behavior in an oxygen spatial gradient (Table 2) . Growth rates, swimming speeds, and tumbling biases were unaffected, as were chemotactic responses mediated by Tsr and Tar (data not shown). Some superswarmer strains, such as BT3312/AerV230A and BT3312/AerD237E, had low levels of protein expression and resumed normal aerotaxis responses after the protein level was increased by IPTG induction. One possible explanation for this finding is that wild-type Aer is inhibitory to aerotactic swarming at the expression levels shown in Table 2 . In this case, a lower Aer expression would increase the size of the aerotactic colonies on succinate semisolid agar. However, most superswarmer strains expressed the mutant Aer proteins at levels similar to that expressed by pGH1, which contained wild-type Aer. The mechanism by which these unusual aerotactic responses translated into superswarming behavior on swarm plates is unclear and requires further analysis.
Structure-function relationships. The Aer HAMP domain has a predicted secondary structure ( Fig. 1 and 2 ) similar to the structure predicted for other HAMP domains (3, 12) , with the exception that the AS-2 helix is predicted to be buried rather than amphipathic in Aer (Fig. 2) . Seven of the nine AS-2 residue replacements that abolished FAD binding fall within a 120°sector on the helix surface (Fig. 5B) , and this may be a face that interacts with the PAS domain. The C253 residue was shown by second-site suppressor analysis to be in proximity to PAS residue N34 (54) and also cross-links at the dimer interface (31) . This finding suggests that the AS-2-PAS face is close to the AS-2-AS-2Ј dimer interface. The structure of the proximal signaling domain is uncertain, with Jpred 2 (15) and PSIPRED (22) analyses predicting a continuous helix (Fig. 1 ) and PSA predicting a nonhelical region (43, 44, 57) (Fig. 2A) . The inability to resolve the tertiary structure of the Tsr HAMP domain by X-ray crystallography suggests that MCP HAMP domains may be flexible (25) . Additionally, the total length of the Tsr receptor measured by electron microscopy is 310 Å (56), 70 Å less than that predicted by Kim et al., assuming an extended HAMP domain (25) . The 70-Å shortfall could be due to folding of the HAMP domain.
In silico analysis. Sequence comparison of the Aer HAMP with a family of 21 HAMP domains ( Fig. 1 ) (see reference 30 for full alignment) suggests that the HAMP sequence may extend beyond the presently assigned endpoint of AS-2 at residue 253 to include the proximal signaling domain (residues 254 to 265). Assigning definitive boundaries to HAMP domains will require determination of the HAMP structure. Unique residues in the Aer HAMP domain may be associated with unique functions of the Aer domain, such as the PAS-HAMP interaction that stabilizes the native PAS fold and FAD binding and possibly propagation of the aerotaxis signal from PAS to HAMP domains (19, 54) . Residues that are conserved in other HAMP domains but not in Aer include R227, E231, G247, L249 (41, 54) , and C253 (Fig. 1 ). Of these, L249 (Fig.  5A ) and C253 (54) are determinants for FAD binding. The unique residues may also account for exclusion of Aer in early alignments of HAMP sequences (5, 58) .
Signal transduction pathway. The schematic of Aer (Fig. 6 ) incorporates recent findings that relate structure and signaling function in Aer. FAD most likely binds to the PAS domain of Aer (8, 41, 54) but binds only when the HAMP domain AS-2 helix is present (this study). Native folding of the PAS domain requires the membrane anchor and the HAMP domain (19) . The HAMP and PAS domains may interact directly, as supported by data showing suppression of a C253R substitution in the HAMP domain by an N34D replacement in the PAS domain (54) . The proposed model shows the AS-2 helix stabilizing the PAS conformation that binds FAD, consistent with the present work and with Aer folding studies (19; see also reference 8). The AS-2 helix is physically close to AS-2Ј from the cognate monomer, since native Cys253 residues cross-link in vivo in response to an oxidant (31) , and the interaction of AS-2 with both the PAS domain and AS-2Ј is consistent with the prediction that AS-2 is buried in Aer (Fig. 2) . Few nonaerotactic mutations were isolated in the coding sequence for the AS-1 and connector components of the HAMP domain, suggesting that contacts between these components and the PAS domain are not as important in signaling by Aer.
The accumulated evidence for direct interaction between the PAS and HAMP domains suggests a possible signal transduction pathway. The FAD cofactor is oxidized and reduced in response to redox changes in the electron transport system (45, 49) . Oxidation and reduction of FAD may result in a conformational change in the PAS domain that is transmitted across the PAS-HAMP interface to the AS-2 helix or the proximal signaling domain, where it is propagated through the signaling domain to modulate CheA autophosphorylation (10) . This model can accommodate a PAS domain interface with the HAMP domain from the same monomer or the cognate monomer. However, at present, there is no definitive evidence for a transverse signaling pathway such as this rather than a linear (Fig. 6) . In its simplest form, the model does not address other possible interactions in a trimer of dimers or higher-order signaling complexes that contain Aer, although the model can be adapted to include such interactions, which may also be important in signaling.
